Background {#Sec1}
==========

Previous studies have raised the question whether high dietary protein concentrations or a low dietary protein quality might enhance the risk for calcium oxalate (CaOx) urolith formation in cats. In human subjects, a high intake of animal protein is associated with an increased renal calcium (Ca) and oxalate (Ox) excretion and a decreased renal citrate excretion \[[@CR32]\]. On the contrary, high dietary protein concentrations were associated with beneficial effects for the prevention of urinary stones in cats, since an increased urine volume \[[@CR9]\], a lower renal Ox excretion \[[@CR34]\] or reduced urinary Ox concentrations \[[@CR3]\] were observed. On the other hand, our previous study in cats \[[@CR26]\] demonstrated that a high protein intake resulted in an increase in renal Ca and Ox excretion and urinary relative supersaturation (RSS) with CaOx as well as in decreased urinary citrate concentrations when compared to feeding diets with lower protein concentrations. Moreover, feeding a diet with a high protein level, but low protein quality decreased the renal Ca excretion in cats when data were compared with a high protein level-high protein quality group, while the renal Ox excretion was similar between these two groups \[[@CR26]\]. This observation contrasts with findings from Dijcker et al. \[[@CR4]\], where the renal Ox excretion was increased when synthetic hydroxproline, an amino acid found in higher amounts in collagen-rich dietary ingredients, was added to a diet for cats. Zentek and Schulz \[[@CR34]\] also found a higher renal Ox excretion when cats were fed diets based on collagen tissue when compared to diets based on soy protein isolate or horsemeat.

To sum up these contradicting results of studies in cats, effects of dietary protein concentration and quality on urine composition seem to depend on additional dietary factors. It can be assumed that the protein source used for experimental diets might be one factor to consider. Moreover, type of diet, particularly the use of either a dry extruded or a canned diet, might affect urine output, as moisture intake by feed might modulate urine volume and concentration. Results obtained when feeding a dry food might therefore not be transferable for the use of canned diets. As previous studies used experimental diets with low moisture concentrations \[[@CR4], [@CR26]\], it was the aim of the present study to investigate the effects of varying protein concentrations and qualities in a canned diet on the urine composition of cats and to detect possible differences to the use of a dry food.

Besides the impact on the urine composition, the effect of a varying protein concentration and quality in a diet for cats on the apparent nutrient digestibility and energy supply requires further evaluation. Protein concentration and quality in diets for cats can vary considerably, and differences in nutrient digestibility can be assumed. Protein, but also mineral digestibility might be particularly interesting, since it has been demonstrated that the Ca and phosphorus (P) retention was reduced in growing kittens by high dietary protein concentrations \[[@CR10]\]. Moreover, the calculation of metabolisable energy (ME) in cat food does not explicitly consider the quality of its ingredients \[[@CR22]\]. It can therefore be hypothesised that variations in nutrient and energy supply occur when different dietary protein qualities are fed to cats. The present study aimed at investigating these aspects in more detail.

Methods {#Sec2}
=======

Study design {#Sec3}
------------

For the present study, cats and housing facilities of the Institute of Animal Nutrition, Freie Universität Berlin, were used. The animal care and use protocol was approved by the Animal Welfare Committee (Landesamt für Gesundheit und Soziales, Berlin, Germany, G 0138/12).

Six experimental diets were offered to 10 healthy adult cats (European shorthair; 82 ± 17 months old), using a randomized cross-over design. The diets differed in protein concentration and quality (Table [1](#Tab1){ref-type="table"}). The diets with a high protein quality contained higher amounts of meat and blood meal when compared to the low protein quality diets. A lower protein quality was achieved by higher amounts of collagen-rich ingredients in the diets (trachea and greaves meal). At a comparable protein level, the hydroxyproline concentrations were always lower in the high protein quality diets than in the low protein quality diets (for high protein quality vs. low protein quality: 2.56 g/kg dry matter (DM) vs. 3.76 g/kg DM \[low protein level\]; 3.76 g/kg DM vs. 8.45 g/kg DM \[medium protein level\]; 4.45 g/kg DM vs. 9.44 g/kg DM \[high protein level\]). The hydroxyproline concentrations were used as a marker for protein quality of the experimental diets, as it has been demonstrated that hydroxyproline can be considered as a marker for dietary collagen content \[[@CR1]\], which is a quality index of meat material \[[@CR20]\].Table 1Nutrient analysis of the experimental diets^a,b^Low protein qualityHigh protein qualityAnalysed composition36.7%45.0%56.1%36.2%43.3%54.9%Dry matterg/kg200189204216203193Crude proteing/kg DM367450561362433549Crude fatg/kg DM284296271294318262Crude fibre^c^g/kg DM3.147.0510.56.754.466.78Crude ashg/kg DM77.273.883.468.368.975.2Cag/kg DM11.211.412.610.711.211.8Pg/kg DM8.798.348.887.738.238.71Nag/kg DM5.835.758.204.885.786.74Kg/kg DM11.19.3512.48.758.588.67Mgg/kg DM0.480.480.470.450.470.49Oxg/kg DM0.250.280.320.320.340.35Metabolisable energy^d^MJ/kg DM20.420.820.420.621.320.4Nitrogen-free extractsg/kg DM26917374.7269176107^a^Ingredients in descending order (high protein quality diets): liver, meat, wheat flour, sunflower oil, blood meal, greaves meal, minerals, gelling and thickening agents, vitamins^b^Ingredients in descending order (low protein quality diets): liver, trachea, wheat flour, meat, sunflower oil, greaves meal, blood meal, minerals, gelling and thickening agents, vitamins^c^Additional analysis of total dietary fiber (TDF) revealed that the values were below the detection limit for all experimental diets. The analyses were performed according to the instructions of the manufacturer (Total Dietary Fiber Assay Kit, Megazyme u.c., Ireland)^d^Calculated according to NRC \[[@CR22]\]

Each diet was fed for 6 weeks. The daily amount of feed was calculated according to the energy recommendations for adult cats \[[@CR22]\] in order to maintain body weight (BW). For each diet, a 31-day adaptation period was considered. During this period, cats were fed individually, but were housed in groups. Each adaptation period was followed by a 2 × 4-day sampling period with a 3-day rest period between. During the sampling period, cats were fed and housed individually in metabolic cages in order to collect urine and faeces. Cats were housed in groups, but fed individually in the rest period. At the end of each sampling period, blood was collected when cats were fasting.

The metabolic cages were prepared with cat litter boxes with plastic pellets as litter. The litter boxes were connected with urine collection containers. The urine could flow into these containers along a gradient of the litter boxes, while the faeces of the cats remained in the boxes. In order to inhibit bacterial growth in the urine, the collection containers were prepared with 3 drops chlorhexidine digluconate. Urine and faeces of the cats were collected twice a day (6.30 h and 12.30 h, prior feeding) and stored at − 20 °C for later analysis.

Nutrient analysis {#Sec4}
-----------------

Crude nutrient, mineral and amino acid concentrations of the experimental diets are presented in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} (for the nutrient concentrations based on the dietary energy density, see Additional file [1](#MOESM1){ref-type="media"}: Table S1). Crude nutrient concentrations were analysed according to the directions of the Weende analysis of feed \[[@CR23]\]. Crude fat analysis was modified as specified elsewhere \[[@CR27]\]. Mineral concentrations in the diets were measured as described below for the faecal samples. Dietary amino acid concentrations were determined as follows: At first, diets were ground to a particle size of 0.5 mm. In case of methionine and cysteine determination, samples were oxidised prior to hydrolysis. The oxidation solution contained 0.5 ml H~2~O~2~ (30%), 4.5 ml formic acid (85%) and 25 μl phenol. The solution was mixed and placed for 1 h into a water bath (30 °C). Afterwards, the solution was placed into an ice bath for 5 min and was immediately used for the following oxidation of the samples. Therefore, 500 mg of the grounded sample was mixed with 5 ml of the oxidation solution. The mixture was placed into an ice bath in a refrigerator for 24 h. Afterwards, oxidation was stopped by adding 0.9 g sodium metabisulphite to the sample. As a next step, samples (oxidised samples in case of methionine and cysteine measurements; grounded samples for the measurement of other amino acids) were hydrolysed using hydrochloric acid (6 M). 500 mg of the samples were mixed with 25 ml hydrochloric acid (6 M) in a glass bottle and placed into a compartment dryer for 1 h at 110 °C. Afterwards, the glass bottles were sealed and placed for 23 h into the compartment dryer. The samples were air-dried and placed into an ice bath. Subsequently, 20 ml sodium hydroxide solution (7.5 mol/l) was added carefully to each sample in 5 steps (2 ml, 3 ml, 5 ml, 5 ml, 5 ml). A pH of 2.20 was achieved by adding either hydrochloric acid or sodium hydroxide to the samples. The samples were transferred into 100 ml graduated flasks and filled up with a sodium loading buffer, pH 2.20 (Biochrom Ltd., Cambridge, UK). This solution was mixed and 1.5 ml were transferred via a membrane filter into a vial. Samples were subsequently analysed using ion chromatography (Biochrom 20 Plus, Amersham Pharmacia Biotech, Piscataway, USA). A lithium column (High Performance) was used (Biochrom Ltd).Table 2Amino acid and taurine concentrations in the experimental dietsLow protein qualityHigh protein quality36.7%45.0%56.1%36.2%43.3%54.9%Aspartic acidg/kg DM26.533.338.725.133.842.9Threonineg/kg DM14.217.820.214.118.323.6Serineg/kg DM14.618.921.914.818.523.2Glutamic acidg/kg DM35.940.049.035.738.944.1Glycineg/kg DM36.039.152.628.023.836.6Alanineg/kg DM18.926.632.917.623.130.3Valineg/kg DM18.022.425.912.222.427.0Isoleucineg/kg DM12.816.117.89.217.221.2Leucineg/kg DM24.731.437.624.432.439.3Tyrosineg/kg DM10.413.816.110.614.918.7Phenylalanineg/kg DM13.918.321.614.118.824.1Histidineg/kg DM12.015.415.510.917.120.8Lysineg/kg DM21.628.333.620.929.636.5Arginineg/kg DM17.324.930.515.423.631.2Prolineg/kg DM16.125.030.315.917.323.4Methionineg/kg DM6.298.7710.15.749.8611.6Cysteineg/kg DM6.477.678.936.638.7510.4Hydroxyprolineg/kg DM3.768.459.442.563.764.45Taurineg/kg DM5.324.363.904.133.813.85

Ox concentrations in the experimental diets were analysed as described below for the faecal samples.

Urine analysis {#Sec5}
--------------

The urinary pH was measured immediately after urine collection at 6.30 h and 12.30 h, using the Seven Multi pH meter (Mettler-Toledo GmbH, Schwerzenbach, Switzerland). Except for sodium (Na), magnesium (Mg) and potassium (K), urinary anion and cation concentrations were measured with an ion exchange HPLC system (Dionex DX-500 and Dionex DX-120; Dionex Corp., Sunnyvale, CA, USA), as described previously \[[@CR25]\]. The data were analysed using Chromeleon Client, version 6.80 SP2 (Dionex Corp.). Urinary Na, Mg and K concentrations were measured using atomic absorption spectrometry (ContrAA 700; Analytik Jena AG, Jena, Germany). The urinary RSS values for CaOx and magnesium ammonium phosphate (MAP) were calculated with the Supersat Program \[[@CR31]\].

Faeces analysis {#Sec6}
---------------

Faecal Ca, K, Na and Mg concentrations were determined using the flame atomic absorption spectrometer type vario 6 with an autosampler AS 52 (Analytik Jena AG, Jena, Germany). Details on sample preparation and analysis can be found elsewhere \[[@CR25]\]. The P concentrations in the faeces of the cats were measured with a spectrophotometer (Ultrospec 2000, Pharmacia Biotech, Cambridge, UK), as described by Gericke and Kurmies \[[@CR7]\]. The faecal Ox concentrations were measured by HPLC (Dionex DX-500; Dionex Corp., Sunnyvale, CA, USA), which included a gradient pump (GP50), an electrochemical detector (ED40), an autosampler (ICS-3000 AS; all Dionex Corp., Sunnyvale, CA, USA) and a column cooler (IGLOO-CIL; Esslab, Hadleigh, Essex, United Kingdom). A Dionex IonPac AS11-HC was used as analytical column, and a Dionex IonPac AG11-HC as a pre-column. The ion suppressor was a Dionex SRS ULTRA II 4-mm (all Dionex Corp.). Twenty ml hydrochloric acid (c = 1 mol/l) were mixed with 1 g of the dried faecal sample and incubated for 30 min in a water bath at 100 °C. Subsequently, 1 ml trichloroacetic acid (w = 0.3%) was added to the samples. A pH of 2.9--3.1 was achieved by adding either hydrochloric acid or sodium hydroxide. The solution was transferred into a 25 ml graduated flask and filled up with hydrochloric acid (pH 3.0). For the filtration of the supernatant, solid phase extraction columns (StrataX 33 μ Polymeric Reversed Phase, Phenomenex, Aschaffenburg, Germany) were used. The condition of the columns was carried out with 1 ml methanol, and the equilibration with 1 ml hydrochloric acid (pH 3.0). Subsequently, 1 ml sample was added to the column, followed by 1 ml hydrochloric acid (pH 3.0).

Blood analysis {#Sec7}
--------------

Urea and creatinine concentrations in the serum of the cats were measured using an automatic method (Konelab 60 i Thermo Fisher Scientific, Thermo Electron GmbH, Dreieich, Germany).

Statistical analysis {#Sec8}
--------------------

As the baseline information needed to generate meaningful sample size estimates was not available for most of the parameters, a formal sample size calculation was not performed. The sample size, however, was based on previous studies in cats evaluating dietary effects on urinary and faecal parameters (e.g. \[[@CR3], [@CR4], [@CR19], [@CR25]--[@CR28]\]).

Data were analysed using SPSS 22 (SPSS Inc., Chicago, Illinois, USA). A repeated-measures ANOVA was performed for each parameter, considering dietary protein concentration and protein quality as within-subject factors. For each dependent variable, a separate ANOVA model was constructed. An adjustment for assessing the dietary effects on the different parameters was not foreseen, as they were considered to be independent hypotheses to be statistically tested. In case of a significant interaction between dietary protein concentration and quality, linear and quadratic polynomial contrasts for protein concentration were separately calculated for the three high protein quality and the three low protein quality groups. If the interaction between protein concentration and protein quality was not significant, linear and quadratic polynomial contrasts for protein concentration and linear polynomial contrasts for protein quality were calculated for the averaged measurements (high and low protein quality groups were examined together at protein levels). The data are presented in Tables as means and standard error of means. The alpha level of statistical significance was set to *P* \<  0.05.

Results {#Sec9}
=======

Animal health and performance {#Sec10}
-----------------------------

One cat had to be removed from the study due to health problems, which were not associated with feeding the experimental diets. This cat was replaced by another cat of the Freie Universität Berlin with a comparable BW.

The BW of the cats increased with increasing dietary protein concentrations, independently of the dietary protein quality (*P* = 0.003) (Table [3](#Tab3){ref-type="table"}). The feed intake of the cats was higher when the low protein quality diets were fed (*P* = 0.026) (Table [4](#Tab4){ref-type="table"}).Table 3Body weight (kg), urine volume (ml/kg body weight/day), urinary pH, urine composition (mg/l) and relative supersaturation (RSS) of the urine of cats fed diets with varying protein concentrations and qualities. *n* = 10 / diet, Mean and SEM*P* values (polynomial contrasts)Low protein qualityHigh protein qualitySEMInteractionLow protein qualityHigh protein qualityProtein concentrationProtein quality36.7%45.0%56.1%36.2%43.3%54.9%Lin.Quadr.Lin.Quadr.Lin.Quadr.Body weight4.054.304.344.154.194.240.160.873--------**0.003**0.4420.783Urine volume28.034.231.525.224.227.81.45**0.037**0.4270.103**0.010**0.571------Urinary pH (6.30 h)8.458.308.448.498.318.440.050.841--------0.6800.2840.899 pH (12.30 h)8.188.368.308.258.168.190.050.287--------0.7620.4560.351 Ca8.989.6513.612.49.968.871.010.247--------0.4310.2640.363 P1055111010709311022102742.70.604--------0.1030.6980.302 Mg11.36.065.547.116.035.870.620.483--------**0.040**0.3040.430 K34153546370731763154352897.80.393--------0.1750.9130.352 Na2041203331222149226724151240.324--------**0.006**0.4990.563 Urea54.461.377.857.571.874.72.670.103--------**\< 0.001**0.6460.995 Creatinine12391241149114381561151342.50.070--------0.0590.696**0.014** Sulphate83097713019891301160754.10.820--------**\< 0.001**0.495**0.022** Ox59.754.856.154.251.145.31.61**0.032**0.5240.563**0.003**0.808------ Citrate20219819530819018017.90.192--------0.150**0.022**0.144 Ammonium394684837707991113898.00.845--------**0.005**0.6630.058RSS CaOx0.880.821.160.920.790.590.090.198--------0.8820.475**0.031** MAP3.292.643.444.414.705.000.900.772--------0.5150.9420.322Table 4Feed intake (g/kg body weight/day) and renal excretion (mg/kg body weight/day) of cats fed diets with varying protein concentrations and qualities. *n* = 10 / diet, Mean and SEM*P* values (polynomial contrasts)Low protein qualityHigh protein qualitySEMInteractionLow protein qualityHigh protein qualityProtein concentrationProtein quality36.7%45.0%56.1%36.2%43.3%54.9%Lin.Quadr.Lin.Quadr.Lin.Quadr.Feed intake55.358.154.248.150.456.71.530.152--------0.1100.953**0.026**Renal excretion Ca0.250.360.390.340.250.240.040.463--------0.2650.4040.141 P29.239.329.621.823.728.51.760.308--------**0.020**0.4370.088 Mg0.320.190.150.180.130.170.020.265--------0.0980.2510.239 K96.511812275.475.199.26.530.052--------**0.026**0.540**0.041** Na55.166.899.650.253.967.15.040.641--------**0.003**0.8810.150 Ox1.681.861.591.271.221.260.070.499--------0.7020.484**0.013** Citrate5.407.486.207.534.484.830.640.629--------0.3330.1860.922 Ammonium10.823.023.718.021.730.32.260.224--------**0.003**0.6830.077 Creatinine33.638.640.832.936.341.60.900.164--------**\<0.001**0.8020.543 Urea1.542.022.121.311.692.040.090.485--------**\<0.001**0.582**0.045** Sulphate23.032.535.724.130.944.71.61**0.014\<0.001**0.251**\<0.0010.047**------

Urinary parameters {#Sec11}
------------------

The urine volume of the cats was comparable when feeding the diets with the low protein quality, but increased with increasing dietary protein concentrations when the high protein quality diets were fed (*P* = 0.010). The urinary pH ranged between 8.16--8.49 and was not affected by the dietary protein concentration or quality (*P* \> 0.05).

The urinary Ca concentrations and renal Ca excretion of the cats were neither affected by the protein level nor by the protein quality of the experimental diets (*P* \> 0.05). The urinary Ox concentrations were comparable in the low protein quality groups, but decreased with increasing dietary protein concentrations in the high protein quality groups (*P* = 0.003). When the renal Ox excretion was calculated, values were generally lower in the high protein quality groups when compared to the low protein quality groups (*P* = 0.013). Moreover, urinary RSS CaOx values were lower when the diets with the high protein quality were fed (*P* = 0.031).

The urinary P concentrations were unaffected by the dietary protein concentration and quality (*P* \> 0.05), but the renal P excretion was the lowest when the diets with the low protein levels were fed (*P* = 0.020). The Mg concentrations in the urine of the cats decreased with increasing dietary protein levels (*P* = 0.040), but the renal Mg excretion was unaffected by the experimental diets (*P* \> 0.05). The ammonium concentrations in the urine (*P* = 0.005) and renal ammonium excretion of the cats (*P* = 0.003) increased with increasing dietary protein concentrations, independently of the protein quality of the diets. The urinary RSS MAP values were high and ranged between 2.64--5.00, however, no effect of the dietary protein concentration or quality was detected (*P* \> 0.05).

The urea concentrations in the urine of the cats (*P* \<  0.001) and renal urea excretion (*P* \< 0.001) increased with increasing protein concentrations in the experimental diets. In addition, the renal urea excretion was generally higher when the diets with the low protein quality were fed (*P* = 0.045).

The urinary creatinine concentrations were higher in the high protein quality groups (*P* = 0.014). When the renal creatinine excretion was calculated, an increase was demonstrated with increasing protein concentrations in the diets, independently of the dietary protein quality (*P* \< 0.001).

The sulphate concentrations in the urine increased by approximately 60% with increasing dietary protein concentrations (*P* \< 0.001) and were generally higher when feeding the diets with the high protein quality (*P* = 0.022). The renal sulphate excretion of the cats increased in the low protein quality groups by approximately 55% when the dietary protein concentrations increased (*P* \< 0.001). In the high protein quality groups, the renal sulphate excretion increased by nearly 86% with higher dietary protein levels (*P* \< 0.001).

Only small variations in the urinary citrate concentrations were observed depending on the dietary protein levels (quadratic contrast: *P* = 0.022). The renal citrate excretion was unaffected by the protein concentration and quality of the experimental diets (*P* \> 0.05).

The urinary K concentrations were unaffected by the experimental diets (*P* \> 0.05). The renal K excretion increased with increasing dietary protein levels (*P* = 0.026) and was generally higher when the low protein quality diets were fed (*P* = 0.041).

The Na concentrations in the urine of the cats (*P* = 0.006) and renal Na excretion (*P* = 0.003) increased with increasing protein concentrations in the diets.

Faecal parameters {#Sec12}
-----------------

The cats had a higher faecal volume when the protein concentration in the experimental diets increased (*P* \< 0.05) (Table [5](#Tab5){ref-type="table"}). The DM of the faeces was higher when the cats received the diets with the high protein quality (*P* = 0.012).Table 5Amount of faeces, dry matter (DM) of the faeces and crude protein (CP) and mineral concentrations in the faeces of cats fed diets with varying protein concentrations and qualities. *n* = 10 / diet, Mean and SEM*P* values (polynomial contrasts)Low protein qualityHigh protein qualitySEMInteractionLow protein qualityHigh protein qualityProtein concentrationProtein quality36.7%45.0%56.1%36.2%43.3%54.9%Lin.Quadr.Lin.Quadr.Lin.Quadr.Amount of faeces (g/kg body weight/day)2.853.863.582.792.833.770.170.054--------**0.026**0.6880.206DM of the faeces (%)33.833.535.140.937.536.00.980.796--------0.3390.984**0.012**Amount of faeces (g DM/kg body weight/day)0.931.221.201.011.031.300.040.143--------**0.023**0.7670.907Faecal concentration (mg/g DM) CP4534954604074454806.270.111--------**0.001**0.4070.084 Ca80.074.391.191.691.189.02.520.496--------0.1950.6400.339 P35.936.140.042.543.342.00.880.441--------0.2620.885**0.013** Mg3.813.783.484.064.073.790.060.792--------**0.042**0.161**0.010** K3.403.222.563.062.472.460.110.460--------**0.020**0.249**0.049** Na3.303.283.202.262.622.870.140.978--------0.1600.944**0.002** Ox0.840.780.790.960.830.750.020.141--------**\<0.001**0.5180.217

The faecal crude protein (CP) concentrations (*P* = 0.001) and faecal CP excretion (*P* = 0.004) was lowest when the diets with the low protein levels were fed and increased at higher dietary protein levels (Tables [5](#Tab5){ref-type="table"} and [6](#Tab6){ref-type="table"}).Table 6Faecal excretion (mg/kg body weight/day) and apparent digestibility (App. digestib.) (%) of crude protein (CP) and minerals of cats fed diets with varying protein concentrations and qualities. *n* = 10 / diet, Mean and SEM*P* values (polynomial contrasts)Low protein qualityHigh protein qualitySEMInteractionLow protein qualityHigh protein qualityProtein concentrationProtein quality36.7%45.0%56.1%36.2%43.3%54.9%Lin.Quadr.Lin.Quadr.Lin.Quadr.Faecal CP excretion42360055341845862520.90.076--------**0.004**0.5240.609App. digestib. of CP89.787.790.789.089.789.50.300.133--------0.3760.1170.943Faecal Ca excretion74.092.510993.093.71174.710.522--------**0.012**0.8710.411App. digestib. of Ca40.822.018.017.319.28.853.320.394--------0.0860.5470.257Faecal P excretion33.744.547.843.144.254.81.920.305--------**0.018**0.8950.123App. digestib. of P65.649.249.146.847.541.61.950.165--------0.0620.274**0.038**Faecal Na excretion3.124.093.702.432.743.810.210.260--------0.0090.683**0.005**App. digestib. of Na95.493.795.895.595.594.80.240.057--------0.9630.1220.153Faecal Mg excretion3.474.594.233.994.144.940.150.121--------0.0540.4960.243App. digestib. of Mg34.910.314.013.113.66.012.740.237--------0.1230.2800.119Faecal K excretion3.153.953.073.162.633.290.180.069--------0.6120.9960.244App. digestib. of K97.596.297.796.697.196.60.13**0.005**0.314**0.001**0.698**0.022**------Faecal Ox excretion0.800.940.960.980.870.980.040.330--------0.4580.8180.389

The Ca concentrations in the faeces of the cats were unaffected by the dietary protein concentration and quality (*P* \> 0.05). However, when the faecal Ca excretion was calculated, increased values with increasing dietary protein concentrations were observed (*P* = 0.012), independently of the protein quality in the experimental diets.

The faecal P concentrations were generally higher when the high protein quality diets were fed (*P* = 0.013), while the faecal P excretion increased with increasing dietary protein concentrations (*P* = 0.018), both in the high and low protein quality groups.

The Ox concentrations in the faeces of the cats decreased with increasing protein levels in the experimental diets (*P* \< 0.001), however, the faecal Ox excretion was not affected by the dietary protein concentration or quality (*P* \> 0.05).

Both, the Mg and K concentrations in the faeces of the cats decreased with increasing dietary protein levels (*P* = 0.042 and *P* = 0.020, respectively). The values for Mg were higher and the values for K were lower when feeding the high protein quality diets (*P* = 0.010 and *P* = 0.049, respectively). The faecal Mg and K excretion were unaffected by the experimental diets (*P* \> 0.05).

The faecal Na concentrations (*P* = 0.002) and faecal Na excretion (*P* = 0.005) of the cats were higher when the diets with the low protein quality were fed.

Apparent nutrient digestibility {#Sec13}
-------------------------------

The apparent digestibility of minerals was only slightly affected by the experimental diets. The apparent digestibility of P was generally higher in the low protein quality groups (*P* = 0.038). Feeding the diet with a moderate protein level resulted in the lowest (*P* = 0.001) or highest (*P* = 0.022) apparent digestibility of K in the low protein quality or the high protein quality groups, respectively. The apparent digestibility of CP, Ca, Na and Mg was not affected by the dietary protein concentration and quality (*P* \> 0.05).

Blood parameters {#Sec14}
----------------

The urea concentrations in the blood of the cats increased (*P* \< 0.001) and the creatinine concentrations decreased (*P* = 0.004) with increasing dietary protein levels, independently of the dietary protein quality (Table [7](#Tab7){ref-type="table"}). All values were within the reference range for cats (Clinic of Small Animals, Freie Universität Berlin).Table 7Urea and creatinine concentrations in the blood of cats fed diets with varying protein concentrations and qualities. *n* = 10 / diet, Mean and SEM*P* values (polynomial contrasts)Low protein qualityHigh protein qualitySEMInteractionLow protein qualityHigh protein qualityProtein concentrationProtein quality36.7%45.0%56.1%36.2%43.3%54.9%Lin.Quadr.Lin.Quadr.Lin.Quadr.Urea (mmol/l)7.998.779.567.898.459.600.170.453--------**\< 0.001**0.5390.839Creatinine (μmol/l)1511531421601501492.690.432--------**0.004**0.7110.112Reference range for urea: 5.0--11.3 mmol/l; reference range for creatinine: 0--168 μmol/l (Clinic of Small Animals, Freie Universität Berlin)

Discussion {#Sec15}
==========

The protein concentration and quality can vary considerably in diets for cats. In this context, however, only few studies have investigated diet-dependent effects on the urine composition, particularly with regard to urinary stone formation. In our previous study \[[@CR26]\], a high protein diet was associated with specific risk factors for CaOx urolith formation in cats. We observed an increased renal Ca and Ox excretion, higher urinary Ca concentrations and RSS CaOx values and lower urinary citrate concentrations when a dry extruded diet with 57% CP was fed. These observations correspond with data in human subjects consuming high amounts of animal protein \[[@CR32]\]. An increase of the renal Ca excretion and a decrease of the renal citrate excretion by a high protein intake is often explained by an "acid load", resulting from an enhanced oxidation of sulphur-containing amino acids and an associated release of protons \[[@CR33]\]. An acidification of the organism might reduce the Ca reabsorption and enhance the citrate reabsorption in the kidneys \[[@CR32]\]. In the present study, however, no effect of the dietary protein concentration on the urinary Ca and citrate excretion could be observed. A possible explanation might be the high urine volume (24.2--34.2 ml/kg BW/day) of the cats and therefore a diluting effect of the canned diets. In our previous study \[[@CR26]\], feeding dry extruded diets resulted in markedly lower urine volumes of the cats (9.86--17.0 ml/kg BW/day). Although the urinary sulphate concentrations increased with increasing dietary protein levels in the present study, indicating an enhanced oxidation of sulphur-containing amino acids, no "acid load" could be observed, as the urine pH was high (8.16--8.49). Urinary pH values \< 6.25 are assumed to be associated with a higher risk for CaOx precipitation \[[@CR14], [@CR24]\]. It has been demonstrated that a high-protein diet (55% CP in DM) resulted in a lower urine pH (6.63) in cats when compared to a moderate protein diet (29% CP in DM), which led to a urine pH of 7.25 \[[@CR5]\]. Moreover, a moderate protein diet (32.4% CP in DM) based on meat meal resulted in a higher urine pH (7.99) than a diet with a moderate protein level (30.9% CP in DM) based on maize gluten meal (7.08) \[[@CR6]\]. Based on these studies, it can be concluded that both dietary protein concentration and quality can affect the urine pH in cats. The data of Funaba et al. \[[@CR6]\] also indicate that animal protein does not necessarily result in an "acid load", as described in human nutrition \[[@CR32]\]. In our previous study \[[@CR26]\], pH values of the feline urine were markedly lower (6.34--6.66) when diets with comparable protein concentrations as in the present study were fed. However, the dietary protein sources markedly differed between these studies. The observed higher urine volume in the present study might also have contributed to the higher urine pH of the cats, since urinary concentrations of pH affecting anions and cations were lower. Overall, the data on the renal Ca and citrate excretion and urine pH could not demonstrate a specific risk for the crystallization of CaOx uroliths by varying protein concentrations and qualities in a canned diet for cats. It should, however, be noted that the study was carried out in healthy research cats. The results might therefore be of particular relevance for healthy (pet) cats, whilst the clinical importance should be verified in diseased or predisposed cats in future investigations.

An increased renal Ox excretion by a high intake of animal protein might derive from an enhanced endogenous Ox synthesis from specific amino acids \[[@CR32]\]. In a study by Dijcker et al. \[[@CR4]\], the addition of synthetic hydroxyproline to a diet resulted in an increased urinary Ox excretion in cats. Zentek and Schulz \[[@CR34]\] also found a higher renal Ox excretion when cats received diets based on collagen tissue (rich in hydroxyproline) when compared to diets based on horsemeat or soy protein isolate. However, feeding diets with different amounts of collagen tissue resulted in a higher urinary Ox excretion when the diet with the low amount of collagen tissue was fed, indicating that other dietary factors than specific amino acids might affect the endogenous Ox synthesis \[[@CR34]\]. In our previous study in cats \[[@CR26]\], the renal Ox excretion increased with increasing dietary protein concentrations (*P* \< 0.05). Feeding high protein diets with varying amounts of collagen-rich greaves meal could, however, not affect the renal Ox excretion \[[@CR26]\]. In the present study, the urinary Ox concentrations decreased with increasing dietary protein levels in the high protein quality groups, but were unaffected by the dietary protein level in the low protein quality groups. When the renal Ox excretion was calculated, lower values were detected when the high protein quality diets were fed, independently of the dietary protein concentrations. In this context, it should not go unmentioned that the dietary Ox concentrations were low in general, but slightly higher in the high protein quality diets than in the low protein quality diets. This might be attributed to necessary variations in the diet composition at different protein levels, but also reflects a limitation of the study. However, since the renal Ox excretion was lower in the high protein quality groups, this effect can possibly be attributed to differences in the endogenous Ox synthesis and not to the dietary Ox intake. Nevertheless, considering the described contradicting findings concerning the effects of the dietary protein level and quality on the urinary Ox excretion in cats, no clear relationship between these parameters has been identified. It might be possible that other dietary factors interfered with the urinary Ox excretion of the cats in the studies described, making further investigations necessary. In addition, it should be noted that the present study did not use a standard method for the determination of the dietary protein quality. As such, the protein efficiency ratio, biological value, net protein utilisation, and protein digestibility corrected amino acid score have been described \[[@CR12]\]. In the present study, however, the hydroxyproline concentration in the diets has been used as a proxy for the amount of collagen tissue in the diets. Although this methodological approach might be a limitation of the study, it should be considered that hydroxyproline has been established as an index quality of meat material \[[@CR20]\]. Thus, a differentiation between the high and low protein quality diets was ensured. Nevertheless, future studies carried out with further methods for determining dietary protein quality might clarify its effects on the urine composition of cats in more detail.

The calculation of the urinary RSS for CaOx demonstrated lower values when the cats received the diets with a higher dietary protein quality, independently of the protein level of the diet. This observation might be explained by the unaffected urinary Ca and Ox excretion depending on the dietary protein level, but the generally lower renal Ox excretion in the high protein quality groups. However, it should be considered that the RSS CaOx values were low, reaching values between 0.82--1.16 (low protein quality groups) and 0.59--0.92 (high protein quality groups). Values \< 1 are considered to represent an undersaturated urine, where no new CaOx urolith formation can occur and existing CaOx uroliths cannot grow \[[@CR13]\]. Values between 1 and 12 indicate a metastable stage, where no new CaOx urolith formation is possible, but already existing CaOx uroliths can grow \[[@CR13]\]. RSS CaOx values \> 12 are reached in the case of an oversaturated urine, where new CaOx urolith formation can occur and existing CaOx uroliths can grow \[[@CR13]\]. Although generally lower RSS CaOx values were detected when the cats of the present study received the high protein quality diets, it should be considered that, except for the high protein level-low protein quality group, all values were \< 1 and therefore represent an undersaturated urine. The RSS CaOx value in the high protein level-low protein quality group was only slightly higher (1.16). Overall, based on the measured RSS CaOx values, no specific risk for CaOx urolith formation can be assumed by the protein level or quality in a canned diet for cats. As described above, this might especially apply for healthy (pet) cats, while the generalisability for diseased or predisposed cats should be confirmed in future clinical investigations.

In contrast, urinary RSS MAP values found in the present study indicate that the cats were at risk to develop MAP uroliths, although no dependence on dietary protein concentration or quality could be detected. The RSS MAP values ranged between 2.64--3.44 (low protein quality groups) and 4.41--5.00 (high protein quality groups) and therefore represent an oversaturated urine \[[@CR13]\]. For MAP, RSS values \< 1 indicate that the urine is undersaturated and values between 1 and 2.5 represent a metastable stage \[[@CR13]\]. The high values found in the present study might especially be explained by the high urinary ammonium concentrations, resulting from the dietary protein concentrations, independently of the protein quality of the diets. These results are of high practical relevance for healthy, but probably also for predisposed or diseased cats, demonstrating that an increased water intake by diets with a high moisture content cannot solely be considered as preventive factor for MAP urolith formation.

Although the present study could demonstrate that the dietary protein level did not affect the urinary Ca, Ox and citrate excretion in cats, other nutritional factors of the experimental diets should be critically discussed in the context of CaOx urolith formation. In particular, dietary mineral concentrations might be relevant. Studies in humans and rats have demonstrated that Ca and Mg can bind Ox in the intestine and therefore reduce its renal excretion \[[@CR17], [@CR18], [@CR21], [@CR29]\]. In the present study, however, the dietary Ca and Mg concentrations were comparable among the diets and no impact on the renal Ox excretion can therefore be assumed. Further studies have focussed on dietary Na and K, demonstrating an increased urine volume at high dietary Na intakes in cats \[[@CR11], [@CR28]\]. An increased urine volume and its diluting effect might be beneficial for urinary stone prevention \[[@CR2]\]. Human studies have indicated that high dietary K levels can reduce the renal Ca excretion \[[@CR15], [@CR16]\], while this effect was not observed in cats \[[@CR27]\]. In this study \[[@CR27]\], however, increased urinary citrate concentrations were associated with an increased K intake. The present experimental diets showed some variations in the Na and K concentrations, possibly due to modifications of the dietary composition at different protein levels. However, the urine volume of the cats was high in general and not associated with variations in the dietary Na concentrations. Moreover, the renal Ca and citrate excretion of the cats remained unaffected by the experimental diets, independently of the dietary K concentration. Overall, it can be assumed that the unaffected renal Ca, Ox and citrate excretion by varying dietary protein levels was not influenced by additional nutritional factors of the experimental diets used in the present study.

Another aspect of this study was to investigate the impact of the dietary protein quality on the apparent nutrient digestibility and energy supply in cats. The calculation of ME in cat food does not explicitly consider the dietary protein quality \[[@CR22]\]. However, variations in protein digestibility might be associated with differences in the energy intake. In the present study, a higher amount of collagen-rich dietary ingredients did not affect the apparent digestibility of CP. The calculated values were close to 90% in all groups. The apparent digestibility (%) of the nutrients was calculated as follows: (nutrient intake (mg/d) -- faecal nutrient excretion (mg/d))/nutrient intake (mg/d) × 100. The determination of the apparent total instead of the ileal digestibility shows several limitations, especially with regard to microbial nutrient fermentation in the large intestine and endogenous nutrient secretion. However, for ethical reasons, nutritional studies in cats often consider the calculation of the apparent total instead of the ileal digestibility. In the present study, only faecal CP concentrations were measured, and it cannot be excluded that microbial fermentation of protein in the large intestine, especially in the case of a lower dietary protein quality, and endogenous amino acid secretion have falsified the results. Nevertheless, it is interesting to notice that the feed intake of the cats was higher when the low protein quality diets were fed, but the BW of the animals did not differ depending on the dietary protein quality. This observation indicates a lower energy utilisation in the low protein quality groups. On the other hand, the BW of the cats increased with increasing dietary protein concentrations, independently of the dietary protein quality. Although it could be speculated that the enhanced BW when feeding a high protein diet could be due to an underestimation of the energy intake by dietary protein, it should be considered that the differences in the BW of the cats were only small, and the data should be carefully interpreted. Overall, it seems that diets with a lower protein quality showed a greater feed acceptance, but a lower energy supply in the cats of the present study. As the study did not include measurements in respiratory chambers, the energy expenditure of the animals, however, could not be clearly determined. The present results can therefore provide some indications on the utilisation of dietary protein, but should be followed by comprehensive metabolic investigations.

With regard to the energy utilisation, it should not go unmentioned that varying dietary protein levels were necessarily accompanied by varying amounts of carbohydrates and fat in the experimental diets. Therefore, it cannot be excluded that the observed effects on the BW of the cats were partly attributed to changes in the intake of other macronutrients than protein. However, the energy density was comparable among the diets, ensuring a controlled protein intake of the cats. Moreover, a previous study could demonstrate that the energy balance in cats did not differ when feeding diets high in protein, fat or carbohydrates \[[@CR30]\]. It can therefore be assumed that the observed effects of the diets on the BW of the cats were predominantly attributed to changes in the protein level and quality.

One limitation of the present study is that the effect of fibre on mineral bioavailability is not clear. In this respect, high dietary fibre concentrations can decrease the apparent digestibility of minerals \[[@CR8]\]. Further, in our experience, the analysis of crude fibre content of diets can vary and, as a consequence, data should be interpreted with caution. In the present study, however, the apparent digestibility of most minerals was similar in all treatment groups, and the apparent digestibility of P was higher in the low protein quality groups with the slightly higher crude fibre concentrations. Thus, the observed differences in the apparent digestibility of P depending on the dietary protein quality require further investigations in future studies.

With regard to the evaluated effects of the dietary protein level and quality, it should finally be discussed that no baseline measurements were performed prior to feeding the experimental diets. This can be considered as a limitation of the study, as potential individual differences in the metabolism of the animals could not be included in the data analysis. However, all cats were clinically healthy prior and throughout the study, which is also underlined by the measured urea and creatinine concentrations in the blood of the cats. Thus, no impaired liver or kidney function of the cats can be assumed. In addition, the study design took potential animal-related metabolic differences into account by including a sufficiently high number of animals and feeding the experimental diets to each cat. Thus, individual variations in renal excretion or nutrient utilisation were reasonably considered by the present study, but could have been further improved by baseline measurements.

Conclusions {#Sec16}
===========

In conclusion, feeding canned diets with varying protein concentrations to cats could not support observations in humans \[[@CR32]\] and results of a previous study in cats with dry extruded diets \[[@CR26]\] that a high protein intake increases the risk for CaOx urolith formation. In the present study, a high urine volume was observed by feeding the canned diets. The diluting effect possibly masked the described \[[@CR26], [@CR32]\] negative effects of a high protein diet on renal Ca, Ox and citrate excretion. In contrast, the high urine volume could not prevent high urinary RSS MAP values among all treatment groups. A lower dietary protein quality seemed to increase feed acceptance in cats, but to decrease energy utilisation.
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Additional file 1:**Table S1.** Nutrient concentrations of the experimental diets, expressed on the basis of the dietary energy density. (DOCX 43 kb)

BW

:   Body weight

Ca

:   Calcium

CaOx

:   Calcium oxalate

CP

:   Crude protein

DM

:   Dry matter

K

:   Potassium

MAP

:   Magnesium ammonium phosphate

ME

:   Metabolisable energy

Mg

:   Magnesium

Na

:   Sodium

Ox

:   Oxalate

P

:   Phosphorus

RSS

:   Relative supersaturation
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